We experimentally demonstrate a direct-detection orthogonal-frequency-division-multiplexing quadraturephase-shift-keying (OFDM-QPSK) system that is capable of delivering a 32 Gbaud OFDM-QPSK signal over 7 km single-mode fiber-28 (SMF-28). Intra-symbol frequency-domain averaging (ISFA) channel response estimation is applied to suppress in-band noise, while discrete Fourier transform-spread (DFT-spread) is used to reduce the peak-to-average power ratio (PAPR) of the transmitted OFDM signal. With the aid of ISFA-based channel estimation and PAPR reduction enabled by DFT-spread, the bit-error ratio of the system after 7 km SMF-28 transmission can be improved from 2 × 10 −3 to error-free when the received optical power is −8.5 dBm.
Recently, with the rapid development of Internet applications, conventional short-reach optical communication systems that use direct-detection (DD) and wavelength division multiplexing are now unable to fulfill the increasing demands on capacity. As a result, the core need of current optical communication systems is finding a way to increase the system capacity and thus to realize high spectral efficiency transmission. Orthogonal frequency division multiplexing (OFDM) has been regarded as one of the core technologies for a next generation communication system because of high frequency spectrum utilization. A DD-OFDM system with a simple architecture has recently received much attention and has been actively investigated in short-reach optical communications [1] [2] [3] . In this Letter, we have experimentally demonstrated a DD OFDM quadrature-phase-shift-keying (QPSK) system that is capable of delivering a 32 Gbaud OFDM-QPSK signal over 7 km single-mode fiber-28 (SMF-28). The system performance improvement was enabled by discrete Fourier transform-spread (DFT-spread) and the receiver-based intra-symbol frequency domain averaging (ISFA) algorithm. The experimental result showed that after 7 km SMF-28 transmission, the bit-error ratio (BER) of a 32 Gb/s OFDM-QPSK signal at −8.7 dBm received optical power is improved from 2 × 10 −3 to error-free with ISFA and DFT-spread.
A conventional DD-OFDM system structure [4, 5] is shown in Fig. 1 .
At the transmitter, an optical carrier is directly modulated by a real-value electrical OFDM signal via a Mach-Zehnder modulator (MZM). At the receiver, the amplitude of the optical signal is detected by a photodiode (PD) to obtain the electric OFDM signal.
OFDM is a special kind of multi-carrier modulation technology. However, the major drawback is that its signal waveform has a high peak-to-average power ratio (PAPR). The high PAPR will increase the processing burden of the analog-to-digital converter (ADC), amplifier, and modulator, and thus lead to system performance degradation. There are many PAPR reduction techniques for OFDM transmission [6] [7] [8] [9] [10] [11] . In the OFDM system, the autocorrelation function of the input data sequence is closely related to the PAPR [9] . It can be defined as
where P N −1 K ¼1 jR k j is the aperiodic autocorrelation function of the input data sequence. We can see from Eq. (1) that Fig. 1 . System structure of conventional DD-OFDM (Tx, transmitter, Rx, receiver; PRBS, pseudo random bit sequence; DAC, digital-to-analogue conversion; LPF, low-pass filter; EDFA, erbium-doped fiber amplifier). when its sum is reduced, the PAPR will be reduced. The DFT-spread technology can effectively improve the PAPR performance by reducing the sum in Eq. (1) [10] . The modulation and demodulation principle of a DFTspread OFDM signal is shown in Fig. 2 . Compared to the conventional OFDM modulation, the inverse DFT (IDFT) is added before the inverse fast Fourier transformation (IFFT) function in DFT-spread OFDM modulation. The input signal is formed to a new DFT matrix by IDFT. The autocorrelation function of the input signal sequence can be reduced this way. The value of PAPR can be reduced accordingly. For the DFT-spread OFDM demodulation, a series of inverse processing procedures are carried out [7] [8] [9] [10] [11] . Accurate channel estimation is the key factor to improve the quality of the received signal and is also primarily a way to improve system performance. The purpose of the channel estimation is to obtain the channel response in the frequency domain and thus to ensure the correct recovery of the received data. In the DD-OFDM system, performance degradation of the system is mainly caused by the noise of the PD. ISFA technology improves the channel estimation by suppressing the noise [12] [13] [14] . The ISFA algorithm estimates the frequency response of a channel by utilizing training sequences (TSs). At the transmitter, a training symbol is inserted into the OFDM signal in a TS cycle. At the receiver, the channel characteristics are calculated according to the training symbols and the known training symbols after transmission. The channel matrix of received training symbols can be expressed as [12] aðkÞ bðkÞ cðkÞ dðkÞ ¼ t 
where t x and t y are two training symbols, preferably with low PAPR. The known training symbols after transmission are t According to Eq. (2), the channel matrix of each modulated subcarrier is the average of its own and its adjacent subcarrier channel matrix in the ISFA process. Typically, for subcarrier k, the averaging can be performed over subcarrier k and its "m" left neighbors and/or "m" right neighbors, or totally up to ð2m þ 1Þ adjacent subcarriers [12] . The improved channel matrix for subcarrier k 0 after the ISFA process can be expressed as [12] aðk
According to Eq. (3), the channel characteristics of the data symbols are estimated based on the channel characteristics of the training symbols.
The experimental setup for the 32 Gbaud OFDM-QPSK signal transmission utilizing single-arm MZM in a DD system is given in Fig. 3 . At the transmitter, the optical carrier generated from a commercial external cavity laser (ECL) is externally modulated by an electrical 32 Gbaud OFDM-QPSK signal. The electrical OFDM signal is generated off-line in MATLAB and then uploaded into an arbitrary waveform generator (AWG) with a 64 GSa/s sample rate and 13 GHz bandwidth. In this experiment, the number of OFDM subcarriers is 256. Among these subcarriers, 198 of them are used to carry data. In addition, the first subcarrier is set to zero for DC-bias, and the rest (57) null subcarriers at the edge are reserved for oversampling. Since Hermitian symmetry is employed, only 99 of the 198 data subcarriers carry effective data. QPSK is employed for the subcarrier modulation scheme. A 32-point cyclic prefix (CP) is added into each OFDM symbol after IFFT. A TS, including one OFDM symbol, is added before every 50 OFDM symbols to assist channel estimation at the receiver. A TS and its subsequent 50 OFDM symbols compose one OFDM frame. In addition, 1000-point zeros are added before each OFDM frame to assist time synchronization at the receiver. The continuous-wavelength light wave from ECL is modulated by an MZM driven by an electrical baseband OFDM signal. The 32 Gbaud total bit rate corresponds to an effective bit rate of 20.6 Gb/s ð32 × ð99∕288Þ × ½ð50 × 288Þ∕ð1000 þ 50 × 288Þ × 2 ≈ 20.6 Gb∕sÞ. After 7 km SMF-28 transmission, the modulated signal is received by a PD. Variable optical attenuator (VOA) is placed before the PD to adjust the received optical power for sensitivity measurement. At the receiver, a QPSK-OFDM signal is obtained by a real-time oscilloscope with an 80 GSa/s sample rate and 30 GHz analog bandwidth. Subsequently, it can be processed by off-line digital signal processing (DSP). The off-line DSP includes CP removal, fast Fourier transformation, channel estimation with ISFA, one-tap equalization, de-mapping, DFT, and BER calculation. The BER is calculated by error counting over 10 × 10 6 bits (10 data sets with each set containing 10 6 bits). Figure 4 gives the constellation comparison of 32 Gbaud QPSK after 7 km SMF-28 transmission when the input power into PD is −6.5 dBm. It can be seen that with the aid of ISFA, the constellation diagram of receive signal is more convergent, and the system performance is better at the same condition of receive power and BER.
When the received power of the PD is further reduced to −8.7 dBm, the performance of the system is decreased. Figure 5 gives the constellation comparison of 32 Gbaud QPSK after 7 km SMF-28 transmission when the input power into the PD is −8.7 dBm utilizing different technologies. It can be seen that with the aid of the ISFA algorithm, BER performance of the system can be improved from 2 × 10 −3 to 2.5 × 10 −4 . When using both ISFA and DFT-spread technology, the constellation is obviously more convergent, and the system performance is greatly improved. In this case, the BER performance of the system can be improved from 2 × 10 −3 to error-free. Curves of BER versus input power into the PD utilizing different technologies are shown in Fig. 6 . The w/o in Fig. 6 represents the implementation with/without the ISFA algorithm. All the first four cases shown in Fig. 6 do not adopt DFT-spread. The measurements are given with the received optical power from −8 to −13 dBm in both back-to-back and after 7 km SMF-28. We can see that 7 km SMF-28 transmission causes no power penalty. Moreover, at the BER of 3.8 × 10 −3 [corresponding to-log (BER) of 2.42] and a 32 Gbaud baud rate, the adoption of the ISFA algorithm improves receiver sensitivity by ∼1 dB, and the adoption of DFT-spread technology further improves the receiver sensitivity by ∼2 dB. When the baud rate is increased to 64 Gbaud, the BER performance is worse even when both the ISFA algorithm and DFT-spread technology are adopted, which is mainly because of the limited bandwidth of the optical and electrical components adopted in our experiment.
In conclusion, we experimentally demonstrate a DD OFDM-QPSK system that is capable of delivering a 32 Gbaud QPSK-OFDM signal over 7 km SMF-28. After 7 km SMF-28 transmission, the BER of system is improved from 2 × 10 −3 to error-free with ISFA and DFT at −8.7 dBm received optical power. We find that the BER performance of the system is improved by DFTspread and the receiver-based ISFA algorithm. 
